Classical studies in neurophysiology are based on the idea that stimulus information is encoded in the firing rates of single neurons. Alternatively, precise spike coordination is discussed as an indication of coordinated network activity and may be expressed by higher-order correlation between the simultaneous spiking activities of neurons. As shown in earlier studies [1] , correlation between neurons may modulating in time in relation to the behavioral demand.
Introduction
To study cooperative neural network activity, we develop state-space method to estimate the time-dependent correlation structures embedded in parallel spike trains. Precise spike coordination may appear due to the coordinated network activity.
Hypothetical Dynamic Cooperative Activity of Neurons
Composition of the spike coordination may dynamically change.
Evidence of Dynamical Correlation
Riehle A., Grun S., Diesmann M. & Aertsen A. Science, 1997 Science, , 278, 1950 Science, -1953 (in Engel et. al. Nature Reviews Neuroscience, 2001, 2, 704-716)
Excess synchrony appeared with expectation. Excess synchrony appeared with attention.
It has been shown that spike correlation with ms precision i) is modulated in time and ii) occurs at behaviorally relevant instances.
What is the Higher Order Correlation?
Synchrony may appear by chance.
Neuron 1 and 2 are positively correlated.
Triplets may appear by chance.
Three neurons are connected with pairwise correlations.
A triplewise correlation is added.
Ecess triplets are generated. Positive higher order correlation (HOC) indicates excess synchrony that can not be explained by the lower order correlations.
Log-linear model
The log-linear model provides a well-defined measure of higher-order correlation based on information geometry [5] . 
The last parameter of the log-linear model provides the higher-order correlation.
Tripplewise correlation
N-th order correlation
Amari, IEEE Trans. Inf. Theory, 2001 The Log-linear model of two binary variables
State-space Analysis
A state-space framework allows regression of a time-dependent system to spike data. Equation   1  12  13  123  1 , , , , , , , , 
State-Space Model of Parallel Spike Trains
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Optimization of Initial Values
Optimization of AR (1) 
Neurons
Synchrony between two neurons were appropriately attributed to either a chance coincidence or a pairwise correlation. 
Time-dependence of triplewise correlation was estimated with an optimized covariance matrix and autoregressive parameters. 
Model Selection
To validate that the inclusion of the triplewise correlation improves the goodness-of-fit, we computed ABICs for the hierarchical state-space models. The Akaike Bayesian information criterion (ABIC) is computed as ABIC = −2 log p(y 1:T |w) + 2 dim w, where log p(y 1:T |w) = 
Neurons
State-space method applied to a sub-model is useful for large-scale data analysis. 
G
Summary and Outlook
We developed a method for estimating time-varying rate and higher-order correlation structure in parallel spike sequences. To our knowledge, it is the first method that can resolve the time-dependent spike rates and 'well-defined' spike correlation measures simultaneously. The method is thus applicable to simultaneously recorded neuronal spike sequences recorded from an awake behaving animal. Such an application is expected to provide us with new insights into dynamic assembly activities, their compositions, and behavioral relevance. The presented method will be summarized in Shimazaki H., Amari S., Brown E. N., and Grün S. "State-space Analysis on Timevarying Correlations in Parallel Spike Sequences", Proc. IEEE ICASSP2009 in press
